ABSTRACT: Because of its extreme safety and outstanding cycle life, Li 4 Ti 5 O 12 has been regarded as one of the most promising anode materials for next-generation high-power lithium-ion batteries. Nevertheless, Li 4 Ti 5 O 12 suffers from poor electronic conductivity. Here, we develop a novel strategy for the fabrication of Li 4 Ti 5 O 12 /carbon core−shell electrodes using metal oxyacetyl acetonate as titania and single-source carbon. Importantly, this novel approach is simple and general, with which we have successfully produce nanosized particles of an olivine-type LiMPO 4 (M = Fe, Mn, and Co) core with a uniform carbon shell, one of the leading cathode materials for lithium-ion batteries. Metal acetylacetonates first decompose with carbon coating the particles, which is followed by a solid state reaction in the limited reaction area inside the carbon shell to produce the LTO/C (LMPO 4 /C) core−shell nanostructure. The optimum design of the core−shell nanostructures permits fast kinetics for both transported Li + ions and electrons, enabling high-power performance. KEYWORDS: Lithium ion batteries, Li 4 Ti 5 O 12 , lithium metal phosphates, core−shell structures, anode, cathode L ithium-ion batteries (LIBs), dominating the portable power market, have attracted enormous attention in the last several years for large-scale battery applications, such as electric vehicles (EV) and hybrid electric vehicles (HEV).
L ithium-ion batteries (LIBs), dominating the portable power market, have attracted enormous attention in the last several years for large-scale battery applications, such as electric vehicles (EV) and hybrid electric vehicles (HEV). 1, 2 However, further improvements in terms of power densities, safety, and lifetime require new materials or new structures with a higher storage capacity and faster charge and discharge rate and desired potentials. 3−6 Graphitic carbon is commonly used as an anode in commercial LIBs but exhibits poor rate performance due to its low Li diffusion coefficient and presents serious safety issues because of potential solid electrolyte interphase (SEI) film formation. 7−10 As for cathode materials, lithium transition metal oxides suffer from the intrinsic disadvantage of poor thermal stability due to the release of oxygen from the highly delithiated oxide materials.
11 Advanced materials with better safety and excellent rate capability are critical components for the next generation of LIBs.
Compared to graphite, spinel Li 4 Ti 5 O 12 (LTO) exhibits a relatively high lithium insertion/extraction voltage of approximately 1.55 V (vs Li/Li + ), which circumvents the formation of the SEI and suppress lithium dendrite deposition on the surface of the anode.
12−14 As a zero-strain insertion material, LTO possesses excellent reversibility and excellent Li-ion mobility in the charge−discharge process. 15−17 As a cathode material, olivine-type LiMPO 4 (M = Fe, Mn, Co, and Ni) compounds which display high Li-ion mobility, superior safety properties, and high electrochemical and thermal stability. 18−23 Therefore, a LiMPO 4 /LTO cell system possessing unique properties would enable a promising rechargeable batteries for large-scale application.
However, both materials suffer from poor electronic conductivity (for example: S LTO < 10 −13 S cm −1 and S LiMnPO 4 < 10 −10 S cm
), making it a challenge to achieve high capacity at high rates. 24−27 Several efforts have already been completed in an attempt to address this problem by tailoring the particle size of the electroactive materials to reduce both the ionic and electronic transportation distance 28−30 and enhance the electronic conductivity with surface conductive coatings. 31−34 Due to its unique chemical and physical properties, carbon coating is the most effective way to enhance the conductivity while protecting the electrode from direct contact with the electrolyte, resulting in an enhanced cycle life of the battery. 35 Coatings are usually formed by mixing a carbon precursor with the preferred active materials prior to heat treatment at high temperature in an inert or reducing atmosphere. For example, Jung and co-workers reported on a carbon-coated LTO microsphere via solid-state reaction using a mixture of TiO 2 , Li 2 CO 3 , and pitch. 36 It is difficult to form a uniform carbon layer on the surface of active particles while suppressing undesired particle growth during the annealing stage due to the dissimilarity between the carbon additive and the metal precursor. So this method presents a very limited improvement on the electrochemical performance.
Here, we report a novel yet generally applicable strategy for the fabrication of optimum nanostructured materials by a simple solid-state reaction without the addition of external carbon sources. The unique electrode architectures formed a perfect electroactive nanocore coated with a uniform carbon shell with a thickness of approximately 1−2 nm that exhibits superior rate capability and excellent cycling stability for highpower LIBs.
Scheme 1 illustrates fabrication processes and resulting architectures of the materials by the process developed in this work and the conventional approach. Unlike conventional solid-state processes where only micrometer-sized electroactive materials are obtained, our new strategy for fabrication of nanosized electroactive materials with the core−shell structure is briefly described in Scheme 1a. For the fabrication of nanosized Li 4 Ti 5 O 12 /carbon (N-LTO/C), TiO(acac) 2 was used as the titania and single-source carbon and mixed with the lithium salt Li 2 CO 3 . The precursor was then treated by solid-state reaction. The TiO(acac) 2 decompose first to produce a TiO 2 core embedded in a carbon shell. With increasing the calcination temperature, the molten Li 2 O diffuses through the defects within the carbon layer to react with the TiO 2 core in the limited reaction area inside the carbon layer. As the carbon and titanium dioxide are derived from the singlecomponent precursor, undesired particle growth is effectively suppressed during annealing in the present synthesis, resulting in smaller nanocrystalline LTO particles with a complete and uniform carbon shell. The optimal core−shell nanostructure ensures the effective ambipolar diffusion of Li + and e − into and out of the LTO nanocrystalline structure (Scheme 1b, right) regardless of the electrical conductivity. Microsized Li 4 Ti 5 O 12 (M-LTO) prepared by a conventional approach is typically only covered with a partial coating of carbon (Supporting Information, Figure S1 ). The effective reaction area is limited as electrons cannot reach all the positions where lithium ion insertion takes place, thus resulting in poor rate performance (Scheme 1b, left). For fabrication of olivine-type LiMPO 4 /C composites with the core−shell structure, the corresponding MO(acac) x reacted with the proper ratio of the LiH 2 PO 4 component during the annealing process in an inert atmosphere.
Thermogravimetric and differential thermal analysis (TG-DTA) of the thermally cured start materials was carried out under a nitrogen atmosphere to investigate the mechanism of the reaction of TiO(acac) 2 with Li 2 CO 3 (see Figure 1 ). For the TiO(acac) 2 sample, weight loss clearly overlapped with a endothermic peak in the DTA trace between 200 and 450°C and is attributed to the decomposition of TiO(acac) 2 that results in the TiO 2 /C core−shell nanostructure. Above 450°C, there is hardly any weight loss, indicating that the decomposition process can be achieved below 450°C. It is also known that the crystallization of TiO 2 is faster than that of carbon; thus, TiO 2 crystallized before carbon, giving rise to the TiO 2 /C core−shell nanostructures (Supporting Information, Figure S2 ). 37 The TG-DTA curves of the precursor mixture are similar with TiO(acac) 2 below 450°C, indicating that a similar decomposition process occurs. However, the weight loss can still be observed at 450−750°C and can be attributed to gas release during the solid state reaction between TiO 2 and LiCO 3 . When heat-treating the starting materials, TiO(acac) 2 first decompose with a carbon coating on the exterior of TiO 2 , which is followed by a solid state reaction in the limited reaction area inside the carbon shell to produce the LTO/C core−shell nanocomposite. (Figure 2d ,e) reveals that a thin carbon shell (approximately 1−2 nm thick) has formed from the carbonization of organic macromolecular residues that coated every crystallite to form a LTO/C core−shell structure. The carbon content of the prepared N-LTO/C composite is measured using thermogravimetric analysis and made up ∼11 wt % of the specimen (Supporting Information, Figure S3 ). The Brunauer−Emmett−Teller (BET) surface area of N-LTO/ C composite is 79 m 2 g −1 (Supporting Information, Figure S4 ), which are almost double higher than the calculated surface area (Supporting Information, Figure S5 ). The excessive specific area may be attributed to the porous carbon shell, core materials, or core−shell agglomerates. Li + can easily pass through the thin carbon shell for the insertion reaction with LTO which is accompanied by the accepted electrons. Moreover, LTO crystallites are connected to each other through the carbon shell, thereby ensuring electrical continuity around the crystallites.
This method is also used to fabricate nanosized LiMPO 4 /C composites with the core−shell structure. After decomposition of the FeO(acac) 3 and solid state reaction with LiH 2 PO 4 , a LiFePO 4 /C composite comprised of a nanosized LiFePO 4 core (10−40 nm) and a uniform carbon shell (1−2 nm) was obtained (Supporting Information, Figure S6 ). In addition, LiMnPO 4 /C (Figure 2f , Supporting Information, Figure S7 ) and LiCoPO 4 /C (Supporting Information, Figure S8 ) core− shell nanostructured composites were successfully prepared using this method. It is demonstrated that this unified approach is very effectively in yielding core−shell nanostructured electroactive materials.
As seen from Figure 3 , all of the diffraction peaks of the N-LTO/C specimen could be indexed to the spinel structure form of LTO with the Fd3m space group (JCPDS 49-0207). The Xray diffraction (XRD) patterns of M-LTO using anatase TiO 2 as the raw material are shown in Figure S9 . Although the basic spinel phase was formed for the samples synthesized with anatase as the raw material and treated with the same calcination procedure (750°C for 6 h), a considerable amount of rutile TiO 2 was also observed. Pure phase LTO was formed only after calcination at 800°C for 10 h. The solid-state reaction between the two solid phases is an interfacial reaction, 38 as illustrated in Scheme 1a. As the reaction temperature rises, the molten Li salt reacts with the TiO 2 surface, forming nuclei and a surface layer of Li−Ti−O. Meanwhile, the small anatase particles agglomerate and transform into large rutile TiO 2 particles, which require longer time for lithium diffusion and higher temperature to accelerate the reaction for the subsequent solid-phase reaction. The undesired TiO 2 particle growth is effectively suppressed by the in situ formation of the carbon shell derived from the singlecomponent precursor, resulting in a short diffusion distance for the molten Li 2 O to react with the titanium in the confined reaction area inside the carbon layer.
The optimum design of the N-LTO/C core−shell nanostructured electrode is expected to provide outstanding electrochemical performance in lithium ion cells. Figure 4a shows the discharge profiles of the N-LTO/C core−shell ), the LTO/C core−shell nanostructured electrode showed a flat voltage plateau at the potential of ∼1.55 V and exhibited a discharge capacity of 161 mA h g −1 . As the current rate increased from 1 to 5, 10, and 30 C, the discharge capacity decreased slightly from 153 to 146, 138, and 119 mA h g ), the delivered capacity was still ∼64% of the value achieved at 0.2 C, and even at ultrahigh rate of 90 C (15.8 A g −1 ), the cell was able to deliver substantial capacity, that is, 53% of the 0.2 C value, indicating the excellent rate capability of the material. Figure 4b shows the discharge capacities against different current rates, each sustained for 5 cycles. The stable cyclic performance was obtained for all rates. A specific capacity of ∼151 mA h g −1 was recovered when the current rate reduced back to 1 C after 35 cycles at higher rates. The N-LTO/C electrode also demonstrated superior electrochemical performance under a long-term cyclic test at a high current rate of 10 C (Figure 4c ). The Coulombic efficiency remained constant at approximately 100%. The cell retained ∼95% of its initial capacity after 1000 cycles at the high 10 C rate. The superior cycling performance can be attributed to the structural stability of Li 4 Ti 5 O 12 and the rapid ionic and electronic conduction in the electrode due to the carbon nanocoating. The electrochemical performance of N-LTO/C core−shell nanostructures is much better than that of nanostructured LTO, 39 partially carbon-coated LTO, 9 doped LTO, 40 and LTO-graphene composites. 41 The rate capabilities of M-LTO/C and M-LTO were tested and compared with that of N-LTO/C (Figure 4d ). N-LTO/C obviously exhibited a much higher storage capacity and much better rate capability than both M-LTO/C and M-LTO. For example, at a rate of 60 C, the capacity of N-LTO/C was nearly 4 times greater than M-LTO/C and nearly 9 times greater than M-LTO. A comparison of the voltage profiles for the various materials is shown in Figure 4e . It should be noted that the gap between charge and discharge of the N-LTO/C electrode was the narrowest when compared to that of M-LTO/C and M-LTO electrodes, suggesting that the former had lowest overall resistance. This low ionic and electronic resistance collaborated well with the electrochemical impedance spectroscopy results presented in Figure 4f . The optimum design of nanosized LTO particles with a uniform carbon shell enables the fast migration of both lithium ions and electrons to reach the interior of each active particle, enhancing the full utilization of the nanoactive materials.
The fast lithium-ion intercalation/extraction of such core− shell architectures is also confirmed in the LiMPO 4 /C core− shell nanostructured electrode. The discharge capacity of the LiFePO 4 /C core−shell nanostructured electrode was 156 mA h g −1 at a rate of 1 C and delivered a capacity of ∼118 mA h g
at a high rate of 20 C (3.4 A g −1 ), thereby indicating its highpower performance (Supporting Information, Figure S10a ). The LiFePO 4 /C core−shell nanostructured electrode also possessed superior cyclic stability (only ∼8% capacity loss after 1000 cycles at a high rate of 10 C; Supporting Information, Figure S10b ). The discharge capacities of the LiMnPO 4 /C core−shell nanostructured electrode decrease from 156 to 123 mA h g −1 with increasing discharge rates from 0.1 to 1 C (Supporting Information, Figure S7d ). At the rates of 0.1 and 1 C, the discharge capacities of the LiCoPO 4 /C is 145 and 117 mA h g −1 , respectively (Supporting Information, Figure S8d ). 44 and carboncoated LiMnPO 4 . 45 The improved electrochemical performance may be attributed to small LiMnPO 4 core coated with a uniform carbon shell.
In summary, a general strategy for the fabrication of core− shell nanostructured materials through a novel solid-state process has been developed. This novel method is effective in yielding core−shell nanostructured electroactive materials with some unique advantages: (1) the in situ generated carbon directly and uniform coated on the electroactive materials without the addition of an external carbon source; (2) suppressing undesired particle growth during the annealing process; (3) easy scalability for industrial application. The optimum design of the core−shell nanostructures permits fast kinetics for both transported Li + ions and electrons, enabling high-power performance. In addition, the method reported here offers a compelling case for the replacement of the industrial standard of carbon coating materials requiring the addition of a carbon source.
